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FOREWORD

Simulating the interaction of terrain, vehicle, and man is
essential to improving land mobility technolegy — a goal of thc
U.S. Army Tank-Automotive Command (TACOM) and the U.S. Army Corps
of Engineers Watcerways Experiment Station (WES). Under TACOM
contract, Grumman has been actively supporting this clffort and
has just completed the development of a mathematical model for
pneumatic tires-soil interaction = an essential element in the

terrain-vehicle~-man system — whicn is the subject of this report.

For Grumman, participation in this rrogram began in [971,
«hen the TACOM-WES first generatior terrain-vehicle-man simulation
called the "AMC 71 Vehicle Mobility Model" was completed.  This
model made it clear that once sul,-model needing improvement was the
simulation of a wheeled vehicle moving in soit soil, and, there-
fore, TACOM contracted with Grumman to develon & computorized
uedel of rigid wheel-soil interaction on the bhasis cof the plas-
ticity thcory for seil., The drawbar pull, torque requirements,
slip, and sinkage for rigid wheel calculation by the medel was

validated in an experimental program.

A follow-on program, the results of which are presented in
this report, began in 1972. Here the interaction concept 1s ap-
plicd to pneumacic tires, and a mathematical mode. 1s developed
for computing tirc performaace parameters from tire inputs (di-
ameter, width, inflation pressure, and deflection) and {rom soil
inputs (cohesicn, friction angle, and bulk densitv). This mathe-
matical mode! is the first step toward the development of a tire
performance sub-model in the AMC Vehicle Mobility Model that can
predict the spe.d of wheeled vehicles in soft soil, accurately
assess torque and fuel consumption requirements in specific mis-
sions, and be suitable for eventual application in a vehicle dy-

namic model.
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ABSTRACT

The role of tire deformation in tirz2-soil interaction is dis-
cussed, and a mathematical model is described that incorpcrates
the qualitacive relationships obtained from experimental data de-
scribing tirc defermation as a fuuction of the relative stiffness
of the tire to the soil. The mathemnatical model assumes thbot the
centerline geomeiry cf{ tires consists of straight lines and lcga-
vithmic spirals and that tonere is a certain limit to the normal
pressure that may develop beneath a tire. Thic limiting normal
pressure is a tire property and is dependent on tire inflation
pressure. Soil is modeled by 1ts Coulomb strength pairameters.
Plastic equilibrivm conditions in soil determine the interface
stresscs where the normal stress is less than the limiting normal

pressure.

Values of free param~ters in the model that determine tire
centerline geomctry were analyzed. Tire performance predictions
were compared with experimental data for a large number of com-
bination of the free parameters, and relationships wece established
for the estimation of these parameters from tire deformation mea-
surements on a rigid surface. Relationships between slip and mo-
bilized interface c¢hear stresses were established. On the basis
of the tire-soil model a computer program was developed that com-
putes tire pull and torque coefficients and the sinkage for « given
load and tire from the fo'lowing inputs: slip, inflation pressure,
tire detlection on rigid surface, tire dimensions and soil cohesicn,
friction angle, and unit weight. Alternatively, cone penetrction
data ray be used with purely frictional or purely cohesive soils.

Predictions by the tire-soil model ere valicdated for available ex-

perimental data.
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3 T. SCOPE OF WORK
3
C
>
e scope of work as described in the RiP work statement for
; this contract was the application of plasticity theory for soils
to the vroblem or pneumatic tire-soil interactisn and the develop-
3 ment of a mathematical tire-soil model for the purposc ol tire
3 performance predictions. Within this general scope emphasis was
: . . .
1 placed on the tollowing items:
it
] g Applicetion of plasticity theory methods
to the calculation ol stresses 1t a de-
2 formed tire-soil interface ]
iy | ‘!
| g Forimulation of a mathematical tire-soil ,
E 3
' model for the description of tire-soil $
interaction :
c Development of a computer program for tire 5
3
performance calculations based on the 4
mathematical model
1 3 3 | g %
o Verification of the model by comparisons 3
of predicted tire performance with avail- ;
able experimental data. 3
g
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II. TIDEAL FORMULATICN OF TIRE-SOIL INTERACTION

Theoretically rigorous simulation of physical phenomena s
illusory since the characterization of the physical propertics of
materials and the description of the natural law, that govern
their bebhavior are themselves idealizations. Rigorous solutions
¢xist only for hypothetici materials and conditions. hus, in
principle, the physical phenomenon of tire-soil interaction can-
not be treated in a theorerically rigorous manner. An ideal
tormulation would be one that would yield a rigorous solution
tor the hypothetical case that both tire and soil behave as their
material charvacterizatien postulates. For such a hypothetical
conaition it would »e possible to write a symbolic formulation
tor the problem on tne bhasis of the equations of motions and the
boundar ccaditions at the interface. A general solution of this
rroblem, however, would present a formidable task and may be re-
cardea only as the ultimate goal. Solutions of special cases
that are considerea attainable with present state of the art

methods involve the Jollowing assumptions:

£ The tir»e travels in a straight line at a
constant, low velocity

° A "stoady state' exists in the soil

® The tire load is constant — that is, there
is no interaction between tire and suspension
system

€ The terrain is even,

To formulate the tire-soil interaction for these conditions,

a tire model is needed for the calculation of tire deformation

under a svstem of applied stresses. Finite element models of tires

Preceding page blank 3
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that have been developed for other purposes would generally re-
quire extensive further development if they were to be applied to
Jhe problem of tire--o0ii interaction. While it :ould be desirable
to hdave such a model for the study of tire defermation under vari-
ous conditions occurving in tire-soil interaction situations,
finite element models gencrally require large computer capacity

and proportionate time for the computation of delormations under

a4 single set of conditions. Since in a predictive tire-soil

model such computations would be needed repeatedly because of

the iterative nature of the prediction technique, the use of finite
¢lement tire models was deemed undesirable. Theoretical considera-
tions as well as studies cf tire-soil interaction experiments indi-
cated that [or the purpose of performance prediction a rerfined finite
¢lement tire model was not necessary, and that a simple tire model
responsive to changes in soil stiffness could be successfully used.
The experimental information available on the geometry of tires in
various soil conditions and the development of the approximate tire

model are described in subsequent sections.
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IiI. EXPERIMENTAL INFORMATION ON TIRE-SOIL INTERACTICN

01 the numerous tire tests that have been performed by various
rescarchers over the years, the most valuable for the development of
tire model are those where interface stresses and tire deforma-
tions ol tires moving in soils were divectly measured. The experi-
mental data on the deflection of tires moving in soft soils and the
diveribuiion of interface stresses obtained in various WES research
projects (Refs. 1 through 6) are the most instructive available in-
formation on the role of tire deflection in tire-soil interaction
and served as a basis for the development of the tire-soil model

presented in Seccion VII.

Intertace stress and tire deflection measurements performed by
others and available in the licerature (Refs. 7 *hrough 10) were

also studiced and used in the development of the tire-soil wodel,

Dircct measurements of tire deflection and interface stresses
arc cxpensive ana time consuming, and, therefore, only few were
pectormed.  On the other hand, performance tests, without direct
geoirelry and stress measurements, have beon performed for a wide
varlety of conditions. Since tire geomccry changes with the slip
rate, those tests where performance was measured over a range of
ship offered the experimental information necessary for the develop-
ment and validation of the tire-soil wodel. At our request, WES
furnished data on such tests (Ref. 1l) on various types of tires.

A summarv of tests performed at WES in Yuma saud is given in Table 1
and of those performed in Buckshot clay in Table 2. Results of
these tests are shown graphically in conjuncticn with the evalua-
tion of predictions by the tire-soil model. More detailed informa-
tion on the performance of these tests is contained in WES Technicaul

Report No. 3-66h (Ref. 12).
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. TIRE

PERE ORMANCE

TESTS PERFORMED AT WES

. . - Tirc % 1% Cone Trdex
Desf{pnation (pst) (%) (1b) Cradient
= SN ||| S - el _,__‘-’1“.‘.)__|
147774 Y 00-14 16.5 15 4.0 8.y
2 Lhe-8114A 6.00-16 5.0 35 240 16.4
3 Lha=81mA £.00-1, 7.0 25 ' 240 13.5
4 164 -8 184 h.00-16 10.0 25 450 40
5 10 - 808 4.,00-7 13.0 25 210 13.0 |
6 16.-A.BA +.00-7 26.0 | 75 340 oL
7 Lhi -+ 30A 00 7.0 ! 35 220 19.6
j
8 164-8324A 4.00-7 21.9 ? 35 440 19,
9 165-3A 9.09-1a 14.0 ’ 25 840 18 .F
10 1h5-A 9.00-14 5.0 25 220 eV
11 1657 9 00~ 14 9.0 ¥ W40 o
K 1h3-74 9 00-14 6.0 25 210 19,9
1 1h5-94 900 L 11.e 25 620 3.0
1. 155-104 Y0014 10.0 35 <70 3
i% 1hs-114A 4 .0u-14 3.7 35 225 13.0
16 199-124 9.00-14 7.5 35 570 A
17 155158 L.00-29 1) 25 225 14,4
IF LE5- 16 4.00-20 26.7 25 490 1.0
1¢ 1519y 4. 00-20 } 15,2 25 330 16,1
20 A TN CH0- 0 15.0 35 460 6.4
2o 155 - w0020 67 35 230 25t
bE B2 A 4. 0010 1.0 35 340 25,6
23 1 =234 4.00-20 6.° | 35 240 3] I
g 1T, i “ﬁ“m.: 15,0 25 £ 50 5.0
28 Inhi=s7A w, 00-1 a,5 25 460 1.
2f 1h5-37.0 t.00-14 ] 700 25 220 15.0
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b The WES tests were performed in either the purcely frictional
i Yum: and or in the purely cohesive Buckshot lay. [I[n order to
t bevr some information on tire performance in frictional-cohesive §
E soils, results of tire tests performed in two clayey soils at the ;
: National Tillage Machinery Laboratory, Auburn, Alabama, wevre ob- E
P 4
tained (Table 3). These tests were performed for comparacive 3
: . . ) ) - o = ) 1
i studies rather Lhan performance prediction, and, therefore, evalua- ;
i g
) . ~ . . )
: tion ol <o11 strength had to be done in retrospect from the avail- |
: able data on soil pronerties. £
&l j
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[V, GENERAL APPROACH TO THE DEVELOPMENT OF TIRE-SOLL MODEL

In view of the paucity of specific deflection and stress
measurements and the wide varicty of tire performance tests,
the following approach tc¢ the development of tire-soil model was
nursued.
£ Establish qualitative relationships between tire
deflections and soil properties and between in-
terface stresses and inflation pressure

Modify the validated rigid wheel-soil model

o

(Ref. 13) so as to allow for the influence of
rire deflectior and inflation pressure. In the
model allow for e sufficient nunber of free
parameter . o that existing deflection and

stress measurements may be matched

& Analyze the cffect of free parameters and other
assuinptions on tire performance, modify assump-
“ions, and establish values for [ree parameters
on the basis of comparisons with tire performance

tests

g Establish methods to determine model parameters

for prediction purposcs.
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V. TIRE DEFLECTION IN SOI'T S501LS . d

The tire deflection measurements carried out at WES under 13

various loading and soil conditions and reportcu in Refs. 1

3
through 6 have conclusively shown that dellection of the cross i
section of tires as well as that of their centerline in the plane

of moticn is dependent on both the stiffness of the tire and the {

' stiffness of the soil. The deflection of the cross section of

ity W i Ll S e~ AE

the tire i1nfluences tire performance primarily by enlarging the
width of the contact area. This width change is within a narrow

E rance, its lower limit being the width of the unloaded tire and

its upper limit the width of the tire loaded on a rigid surface. 1

e

These limiting widths are generally available or can be easily

measured; the width of a tire loaded in soft soil may be estimated

RO

from these limits with sufficient accuracy. Since the proposed
tire-soil model is a two dimensional one, effects of transverse 1

deflection are considered only by changes in width. |

The deflection of the centerline of the tire in the plane of
motion determines the average inclination of the contact area to

the horizontal and thereby influences tire performance profoundly.

The inclinazion of the contact area acts as if the tire were
£ to climb a slope. For a rigid wheel the average inclination of
the contact area is the angle bisecting the entry and exit angles
and may easily bz in the range of 10 to 20 degrees. On the
other haud, = very f[lexible tire may flatten out appreciably so

that the contact area becomes almost horizontal. The inclination

m——

of the contact area affects the pull coefficient directly, approxi-

Lol

' mately by the value of the tangent of the angle of the inclination.

ket =
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The above considerations show the imporiance of center lince
scometry inoa tire-soli model. The experiments perflormed at WES
show the variation of centerline geometry with slip, soil strength,

and intlation pressure. From these cxperiments the following

qualitative conclusions were drawn.

The centerline geometry of a tice is affected by slip, infla-
tion pressure, and soil strength. The combined effect of tire and
soll stitfness may be graphically represented as shown in Fig. 1.
Tire deformation is negligible, and the tire behaves as a rigid
wheel it tne tire stiffness is great relative to that of the ground.
In the other extreme, tire deformation is comperable to that on a
rigid surface if the stiffness of the soil relacive to that of the

tire 1s great.

Another finding related to the geometry of centerline is that
the resultant of normal stresses at the tire soil interface nasses

through the centerline of the wheel axle (Ref. 4).

:

Thesc qualitative relations defining the cffect of tire and

ikt 30

soil stiffness on centerline geometry were the basis for the de-

velopment of the tire-soil model.
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Dellection

Sinkage

Schematic Representation of Tire-Soil Behavior
(Based on WES Experiments)
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VI. STR¥SSES BENEATH A TIRE MOVING IN SOFT SOIL

Tire deflection affects tire-soil interaction not only by its

¢ fltect on the geometry of the contact arca, but also by relicving
the stresses that would develop in the soil if the interface were
undelormable.  Stress measurements at the tire-soil interface con-
firm this latter cffect and give an indicacion of the magnitude of
stress relief,

Tire-soil interface stress wweasurements at WES were {irst

made on unyielding surfaces with sensor placement in the unyield-
ing surface (Ref. 5). Results of these measurements are of in-
terest for tire-so0il interaction studies because stresses measured

on an unyiclding surface represent the upper limit of stresses

that would develop In a soll that yields relatively little under
tice load. The general pattern of stress distribution observed
in these tests shoued a center portion in the contact area with
tairly uniform stress distribution and stress concentrations,

called "edge stresses," at the perimeter of the contact area.
These edge siresses are related to the sidewall stiffness of the

tire, while the ragnitude of the average center portion stresses
is related to the inflation pressure of the tire.
Measurements of interface stresses in soils were

also madec
by VandenBery and Gill (Ref. &).

These measurements, using smooth
tires, indicate a stress distribution pattern similar to that ob-
served on unyicelding surfaces. The magritude of the uniform pres-
surc in the center portion depends on the inflation pressure and

is generally somewhat higher.

Freitag c¢t al. (Ref. 4) investigated the distribution of nor-

nal stresses in the contact area of both towed and powered tires
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Intlated Lo various pressures. Tests, carrvied out in both sond

and clav, indicated that the maximum normal Sstress in cach case

excecded only slichtly the inflation pressure,

Krick (Rerfs. 9 and 10) weasurcd both normal and shear stressces

on the intertace of both rigid wheels and Lires in o sandy  loam.,

: B R s R S Ny r . W g e
- g TR e R D &
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Normal stresscs

measured at a deformable tire interlace clearly
showed the cffect of pressuce reliel when compared with rhose ob-

. i amicng. ]

tadned with ripid wheels,
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VII. CONCEPT OF TIRE-SOII. MODEL

The deformatrion and stress measurements discussed briefly in
scetion V6 indicate the complexity of the tire-soil interaction
problem,  The shape of the tire and geometry of the contact arca
depend not only on the properties of the tire, but also on the
properties ot soil and on the loads applied. The stresses mea-
surcd in the contact area are far from uniform; stress concentra-
tions occur at the edges of the contact area. Obviaisly, all
these variations cannot be considered in any workable tire-scil
model, and simplifications are required. An appropriately sim-
plified model often yields sufficiently accurate results, as many

computational methods in enginecering demonstrate.

To decide what simplifications can be undertaken in a model
without jeopardizing its accuracy and usefulness, it is expedient
to consider the tire as a free body and to assess the effect of
possible simplifications on the performance of the tire. The edge
stresses In the contact arca, as experiments indicate, are sym-
metrical both crosswise and lengthwise. This symmetry allows one
to consider average stresses across the tire width without any sig-
niricant loss of accuracy. Likewise, edge stresses may be smoothed
lengthwise and the resulting torque, load, and drawbar pull still
may be reasonably close to the actual values. Conversely, it is
important to duplicate the deflected shape of the tire and its
orientation to the ground swrface as closely as possible. In the
summation of the interface stresses for the computation of drawbar
pull, the inclinecion of int-rface elements relative to the ground
surface cannot be neglected. NDepending on the inclination of the
element, normal stresses on the interface yield a component (plus
or minus) in the direction of the drawbar pull that may or may not

be significant relative to the component of shear stresses.
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The tire=+ob 1 mode ], onceived on the basio ol these con-
siderations, iIs shown in Fig.o 70 The essential leatures ol che
code]l arve as vollow: s The tore is ansumed to Bave a constant width
in both the undetormed and deformed states,  The stresses across
the tire width are assumed to be uniform so that the tire-soil in-
terdction problem can be treated as two dimensional. Tire deforma-
tion is represented by the shape of the tire in the center plane in
the direction of travel., Tire shape is assumed to be the same in
all parallel plances The centerline gecnetry iIs assumed to consist
ol two curvilinear segments scparated by a lincar or [lat section.
It 1Is assuned that the tire starts to delorm ahead of the entry
nyle ; and rcaches its original form past the exit angle C
o« shown in Fig. 2. The curvilincear scpments are losarithmic
cpirals with the radii decreasing according Lo the following re-

ratlonship

0
r =R e @)
vhere
R = radiuvs of unloaded tire
r = deflected radius

= constant
= central angle

o " initial central angle

The cffect of tire deflection on soill reaction is represented
in the proposed tire-soil model in two ways: Soil failure condi-
tions as detcermined by plasticity theory govern the interface nor-
mal stresses in a front and rear failure zone. Deflection of the
centerline affects the magnitude of these stresses; this cffect is

taken into account by using the deflected geometry as boundary

20
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ondition i the namerical computation,  Furthermore, in the model

is as=umed that tire deflection limits the normal stresses that

may arise ar che intertace. This idea was originally proposed by :
Ckker oo Jane i for o towed tire model (Ref. F4) . The magnitude %
‘aic Toadting pressure depends on the inflation pressure and i
ar iriness. In the proposed tive-soil model the Timiting ?
Pressare onsidered as o rece parameter whosce value is to be ;
cstablished by oo parametric analysis of experiment ol results. The ]
v o1l shear stresses penerated by the applicd torque is implicit 4
in the dee L e R L BnE S vy ol the slip linc tields and the 1
dassociited  nteriace norma resses depend on them.  The normal §
stress of the inner end the rear failure zonce equals the limic- ;
In. pres-ure Dy - Lf the risc ol the normal stressces in this zone j
: is rioder o or o slow because of the applicd shear stresses, the ?
ML R ne cooends urther toward the front zone, and the zonc 3
;
Counitors norma! o stresses where the soil is not in faijure con-
: dition i+ reducec oy entirely climinated. In such —ases the tire-
: coil odel be come . o omilar Lo the rigid whecl-soil 1 odel. ;
l The key carure of the proposed tire-soil model is the deter-
; mination of the constant in Eq. (l). This constant dctermines
) the curvature of the logarithmic spiral and is a measure of tire ]
i defle tion.  As discussed in Sccetion V, tire deflection in soft

soils depends on the relative stiffness of the tire to that of the
soil. Tire stiffness depends on the inflation pressure, while soil

stiffness is directly related to the strength of the soil. The

cocfficient in Eq (1) should reflect the combination cffect
of tire and soll stiffness. In the mathematical formulation of

the model this is accomplished in the following way: The arc length
of the interface of the forward failure zone depends on both the

limiting pressure and the soil strength. In strong soils the rise
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of the normal stresses is steep, and the limiting pressure is

reached over a short arc length; whercas Iin a weak soil a longer
b 'l

g
l arc lenzth is needed to reach the same limiting pressurce. It

F soil conditions arce the same, the arce length depends on the Timit-

b ing pressure; low limiting pressurce will result in swall are length,
E while bigh limiting pressure will result in long arc lenpth. Thus

!

; the arc length of the forward failure zone is governed, at least

qualitatively, by the same interrelationship that governs tire de-

flection according to the experiments illustrated schematically in

: Fig. 1. 1In order to introduce this interrelationship into the

mathematical formulation of the proposed tire-soil model, a de-

flection coefficient, ¢, 1is introduced that defines the shorten-

e

ing of the tire radius by deflection at a speciflied central angle,

(a(), as rollows:

E
E
|

r = ¢R . () g

. . . . j

The coefficient is calculated for any given ¢ value f[rom ;

5

Eq. (1). By this mcthod of calculation, depends on the arc &

length of the front failure zonce and vweflects, at least qualitatively, 3

the desired interrelationship between tire defleciion and soil stiff- 4
ness.  In the development stage the angle g to which Eq. (?) re- 1
fers was considered as a free parameter. The analysis of tire per- 1
z

formance experiments showed that good simulation can be achieved if i
.= 0.5 d is assumed, f

i

@

;

4
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VIII. DEVELOPMENT OF MATHEMATICAL TIRE-SOIL MODEL

The concept of the tire-soil model Jdescribed in Section VII
takes into account, at least qualitatively, the interaction c¢f-
feets between tire and soil evidenced in various cxperiments.  In
the mathematical model it was necessary to express the interrela-
tionships quantitativeliy and check the validity ol these relation-
ships against experimental data. The first step in this direction
was to write a computelr program for the model and check whether the
model was capable of duplicating experimentally determined center-
line genmetrics and stress distrivitions. In this matching pro-
cedure, the as yet undefined [ree parameters were sclccted by trial
and error. While the assessment of whethcr an acceptable duplica-
tion of the experimental data was achieved was somewhat subjective,
this trial and error exercise was alco useful in obtaining a [eel
for the effect of the variables on the vire geometry and stresses.
In many cases it was found that close duplication could bhe achieved
by various combinations of the free paramecters, pointing to the
possibility of reducing the number of free parameters in the mathe-
matical model. The basic elements in the computer program used in
this development, such as the subroutine for the calculation of
slip line “ields, were essentially the same as in the final program
for the performance prediction presented in Appendix B, but aany of

the iteration prcecedures were operated with manual intcraction,

Although the computer program in the above development stage
with its capability to duplicate experimental data was valuable in
itself for the analysis of tire-soil interaction, for the purp-sse
of tire performance prediction it was necessary to establisnh its

general validity and develop relationships amonyg the free and input

parameters and methods to determine the input parameters from available

Preceding page blank 25
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intormation on tire and soil tor the prediction ol performance.
since experimental intormation on tire-soil interaction that
covered a wide range of conditions and a numier of tire types was
linited to tire performance data, a method was devised to utilize
“hese data {or these purposcs.  The computer program at this

stare established a multivariate relationship between tire per-
rormance and a number of free and input paramcters. The problem
was to iind value for these parameters so that trhe experimentally
determined perforwance data be matched for all conditions tented.
The available cxperimental data listed in Tables 1 and 2 repre-
sented 30 difrferent conditions; cach of the 35 tests <ontained
Load, pull, torque, and sinkage data at several values of slip. The
orputer time requived to compute the performance parameters for
the possible combinations of free and input parameters fer ecach
slip racve in the 3 tests on the PDP-10 computer was cconomically
prohibitive, and recoursce was made Lo the use of minicomputers f[or
this purposc. In an independent rescarch project of the Rescarch
Department methods were developed to run relatively large programs
on minicomputers by storing segments of the program on disks and
bring sclected portions into the core when nceded (Ref. 15). As a
result of this operation and the lower computation speed available
with minicomputcrs the running time is about two Lo six times
longer than on the PDP-10 or similar counuters, but the cost of
computation is minimel. The program was easily adapted to the ve-
search department's NOVA 800 minicomputer; the main program and the
subroutine consticuted two segments that the core was capable of
accommodating. The longer running time was of no disadvantage in-
asmuch as loops for the desired variations of parameters were in-
corporated into the program, and the extended program was run over-

night without any supervision. This way performance calculations

26
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were made Tor over 15,000 combinations of the parameters without

incurring costs other than minimal depreciarion and maintenance.

Even though the use of the minicomputer ride an extensive
analysis of the program feasible, it was desirable to reduce the
number of combinations of the various paramcters as much as possi-
ble. To this end it vas decided to allow variation of certain
paramcrers only if no combination of the otier parameters yielded
satisfactory resuvlts. This restriction of the variation of the

parameters involved the following assumptions:

© The -~ and . angles (Fig. 2) were assumed g
to be equal 14

F

@ The curvature of the logarithmic spiral section i

was assumed to be the same in the front and rear 14

scction

It was assumed that the soil strengch paramcters
and ¢ were uniquely determined by the cone

index or its gradient in the experiments listed

in Tables 1 and 2. The following relationships ;
between strengch and cone index parameters were %
established: 1
E: |

Yuma sand: Jr(%) = 71.1 log (CGR® + 11,33 )
(3) ;

N i

¥ = arc tan(1/(1.64 - 0.68 D_) i

Bu—tkshot clay: %
C(psi) = CI/12.5 i

(%)

1(°) = CI/4 {

4
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since the establishuwent of chese relationships is closcely
related to the general problem of the determination of strength
properties of soils for mobility purposes, it is discussed in

detall under that beading in Appendix A,

The c¢ffect of mode!l parameters on performance simulation was

analyzed by a systematic variation of the following paramcters:

o Deflection coefficient e

& Limiting pressure P

¢ Ang Le | =

< Anglc ;

5 Tnitial values ot ', and d

In these performance simulation analyses che wain objective
Las Lo simulate the pull cocfficient-slip relationship. Simula-
clion ot sinkage .as considered only as a secondary objective,
partly becausce sinkage measurements are somewhat uncertain (sink-
age was not dircctly measured in the tests but derived by an ex-
perimental formula rrom the vertical movement of the hub). Com-
parison of computed and measured sinkage was, however, very usetul
in deciding wh «ther discrepancices in pull coelficients occurr»d
because of bad centerline geometry simulation or for other reasons.
Generally spealking, goud simulation of the pull coefficient was not
possible without iairly gond sinkage approximation. Computed and
measured torque coefficients genecally agreed well when the pull
cuefficient simulation was good; reasons for exceptions are dis-

cussed in Section X.

The performance simule tion analyses resulted in the cstablish-

ment of initial values of T 107  and LI —

o X viginga e o e S

Sighiac,

ce At %A

o UL M YA
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In strong cohesive soils, d loses its meaning when the
strength of the soil is such that there is no failure condition
1n the tront field and only a rear plastic failure zone develops
the anzle of separation of the front field. TIn such a case, good
simulation results if the entry angle is assumed as one and a

hall times the rear angle.

For the value of the angle . the relationship s vd/2

was Lound to result in good simulation.
The values =stablished above for these angles are not neces-
sarily the best ones, but were found to yield acceptable pertor-

mance simulation in the cases analyzed.

In the concept of the tire-soil model, the angle of the de-
veloped interface friction, ¢, 1is the independent variable that
enters 1nto the computation of slip line {icld. The angle & is
related to slip by the following:

- (343 ) /K.
tan b = tan & \1 - e , (5)
max .

This equation is ihe same type as proposed by Janosi and
Hanamoto for the relationship between mobiiized shear stress aud
slip for tracked wvehicles (Ref. 16). The slip-shear parameters
in Eq. (5) were not known befcrehand and had to be assumed so that

a slip value corresponding to the t- value could be determined

and the computed pull coefficients compared with the measured ones.,

With the values of the various angles established by the
analysis tor model development, a systematic analysis of cach of
the 33 tire performance tests was made to detemine the values of
the parameters ¢, Py jo’ and K that yielded gocd simulation.

Figures 3 through 8 are examples of good simulation of pull coeffi-

cients obtained in this systematic analysis. The excellent agreement
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: Tire: 9.00-14

Load: 450 lbs Infl. Pressure:= 16.4 psi

Defls 154 e = @9.97 By = 16.5 psi
Cone Index Gradient: 8.9 Friction Angle: 42.4°

Slip Paramecers:

i = 0.47 K= 0.184

Fig. 3 Simulation of Pull Performance with Freely
Selected Paremeters, Test No. 1
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Tire: 6.00-16 Load: 455 lbs Infl. Pressure: 10.3 psi 4
Defl: 257 € = 0.88 P, = 10 psi

Cone Index Gradient: 15.6 Friction Angle: 45.4°
Slip Parameters: jO = 0.03 K = 0.07

|

Fig. 4 Simulation of Pull Performance with Frcely
Selected Parameters, Test No. &4
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Tire: 9.00-14 Load: 890 1lbs Infl. Pressure: 16.4 psi
Defl: 25% e = 0.88 Py = 16.0 psi

Cone Index Gradient: 13.8 Friction Angle: 44.7°

Slip Parameters: jO = 0.03 K= 20.12

Fig. 5 Simulation of Pull Performance with Freely
Selected Parameters, Test No. 9
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Tire: 9.00-14 Load: 430 1bs Infl,
Defl: 25% ¢ = 0.85 Py = 9 psi

Cone Index Gradient: 12.40 Friction Angle: 44.7°
Slip Paramerers: jo = 0.024 K= 0.09

Pressure: 7.50 psi

Fig. 6 Simulatiosn of Pull Performance with Freely
Selectec Parameters, Test No. 11
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Tire: 4.00-20 Load: 340 lbs  Infl.
Defl: 35% ¢ =0.92 P, =10 psi
Cone Index Gradient: 25.6  Friction Angle: 46.2° ]
Slir Parameters: jo = 0.03 K =0.18

Pressure: 11 psi

Fig. 7 Simulation of Pull Performance with Hrgee 15
Selected Parameters, Test No, 22
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Tire: 9.00-14 Load: 455 1lbs Infl. Pressure: 7.5 psi

Defl: 257 ¢ = 0.87 Py, = 8.5 psi

Cone Index Gradient: 11.8 Friction Angle = 43.8°

Slip Parameters: j, = 0.04 K= 20.11 i

Fig. 8 Simulation of Pull Performance with Freely
Selected Parameters, Test No. 25
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between experimental and calculated values was indicative of the
capability of the model to simulate tire-soil interaction and in
most cases was within the probable limits of accuracy of the ex-
periments. Obviously, there was no need for further refinement

b

of the model, but relationships between parameter s P> jo
and K and measurable tire and soil properties still had to be
developed for prediction purposes. An cxtensive study of the
freely selected parameters that yielded good simulation was made,
and the following rules lor the estimation of these parameters

were developed.

Estimation of the Deflection Coefficient ¢

The detlection coefficient ¢ is closely related to the de-
¢ign deflection coecfficient 2&/d used by WES and can be detei-
mined by a deflection measurement on a rigid surface. Table 4
contains the relationships for the estimation of cocfficient ¢

for the various sizes of tires in terms of ® =1 - 25/d.

TABLE 4. ESTIMATION OF THE DEFLECTION COEFIICIENT
¢ FOR VARIOUS SIZE TIRES

Tire Size Relationship for Estimation, e =
0.00~14 1.24v - 0,195
0.00-16 1.62x - 0.5¢
4.00-7 1.14« - 0.115
4.00-20.0 0.91x + 0.085
G IR SUNIRS N 3 0.98x + 0.065
36
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The relationships listed in Table 4 for the estimation of e
are shown in Fig. 9. It can be seen that they are very similar to
each other and allow an approximate estimate of ¢ for tire sizes
other than rhose listed in Table 4. Tf no other information is
available, the relationship ¢ = v shown by a heavy dashed line

in Fig. U can serve as « tirst approximation.

Estimation of the Limiting Pressure, P,

It was found that the limiting pressure p, may be estimatead
on the basis of inflation pressure for all tire sizes by the fol-

lowing relationship:

pl(psi) = 0.64 x p; t+ 4 (6)

The Py values dcetermined by the above relationship are

higher than Py up to about 11l psi and lower than Py above

11 psi. (The Py values should not be interpreted as the average
pressure in a rigid surface.) The Py value is a model parameter
that refers to the limiting pressure that yields acceptable tire-
soil inreraction simula“ion with the propesed tire-soil model. 1t
may be interesting to note, however, that some tires at high values
of inflation pressure exhibit average pressures lower than the in-

flation pressure (Ref. 17).

Estimation of the Slip-Shear Parameters jo and K

The equation for the relationship between mobilized shear
strength and slip prcposed by Janosi and Hanamoto (Ref. 16) was
based on the analogy of tracks and direct shear tests from which
the parameter K in the proposed equation could be evaluated. 1In

applying the same concept to wheels it was necessary to include the
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inici- . value jo in the slip term since experiments showed a
negative slip at the towed point where the developed shear stress
is zero. In the case of wheels and tires the analogy with the
direct cshear test is not evident since it is difficult to define
aid measure the differential displacement between points on the
wheel surface and soil. Theoretical modeling of the slip-shear
phenomenon in both shear strength tests and tire-soil interaction
would be necessarv to develop a theoretical! basis for trk. estima-
tion of these parameters. In view obf the lack ol such theory ex-
tensive studies were made to determine whether there is a correla-
ticn between sou1l strength properties and the slip-shear parame-
ters that were found to yield good simulation ol the experimental
8 pull coetficient-slip curves. These studies showed no close cor-

relation bhetwecen slip-shear and strength paramecters.

Further studies indicated that the relation of tire dimensions
to load has some effect on inhe slip-shear paramcters. A correlation
was found to exist between the dimensionless numerics developed at
WES and the slip-shear parameters. The tollowing relationships were

tentatively established:

uma sand:

5 = 0.046 - 0.0006 N_
) S
(7)
-0.58 x log 2N_
K = e -
4 where
_ CoR.(b.a)>2
s W h
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: Buckshot clay:
j = ~0.005 4+ 0.49/N
| Q C

(8)

-~
il

2GR O.66/NC

where

Raen P as st ol el el

cl.b.d g /2

c g by <7

=
Il

)
-
s
<3
5
o
-
E
s

These c¢quations are purcly empirical and are not intended to repre-

sent causative relationships,
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IX. PREDICTION OF TIRE PERFORMANCE
By THE PROPOSED TIRE-SOIL MODEL

In Section VIII, relationships were established that allow
the prediction of tire performance from input parameters that are
generally available or can be obtained by conventional testing
techniques. To evaluate the accuracv of performance predictions
using these reiationships, performance calcuvlations were made using
the computer program described in Appendix B for all cases for
which experimental data were available. It should be emphasized
that the comparison of experimental and predicted performance
shown graphically in the subsequent figures represents results
that can be obtained from data generally available for mobility

evaluation.

Figures 10 through 36 show predicted and measured pull coeffi-
cients as a function of slip for tests 1 rhrough 27 performed in
Yuma sand. VFigures 37 through 47 show the same for tests Cl-1

through Cl-11 performed in Buckshot clay.

Figures 48 through 50 show typical tire centerline geometries

and outlines of slip line fields as obtainad in the computer pro-

gram for the various slip rates in tests 1, 5, and 18, respectively.

Figure 51 shows the same in the case of a strong cohesive soil when

there is only one rearward failure zone (test Cl-1).

Figures 52 through 56 show comparisons of predicted and me~-
sured torque coefficients in some typical cases. Note that the
torque coefficient is not very well defined for the centerline
geometry of the tire-scil model and questions arise as to which
value of the continuously changing tire radius should be used in

the denominator of the tormula for the torque coefficient. To

41
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é avoid this ambiguity the nominal tire radius was used in the com-
3 putation of the torque coefficient from both the measured and

computed tcrque.

L Figures 5/ and 58 show comparisons of measured and predicted
: sinkages in some typical cases.
!

y = T P

T
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X. EVALUATION OF PERFCRMANCE PREDICTIONS

The comparison of computed and measured performance coeffi-
clents presented in Secticn IX shows a predictive capabilicy of the
tire-soil model thet is truly remarkable in view of the many assump-

tions that were employed to make tne model simple. It was expected

that three dimensional effects and bow wave effects that may be ap-
preciable under certain circumst=nces and were not accounted for in

the model wouid have caused greate: tter in the predictions them

actually occurred. These unaccounted-for effects were analyzed in

detail. Results of the analyses are presented in Section XII.

In 2all computations a uniform angle o, interface friction, 0o,
was assumed. This assumption resulted in inaccuracies of perfor-

mance predictions for the rigid wheel (Ref. 13) whenever & showed

an appreciable variation over the contact area. The performance
predictions by the tire-soil model do not appear to be affected by

possible deviations from the assumed uniform distribution or §.

The most likely explanation for this is that the distribution of
& 1s probably close to a uniform one in the case of tires. The
deformability of the tires and their ability to comply to the kine-
matic conditions at the interface are very likely to result in a

uniform straining and associated interface friction over the con-

tact area,

An interesting feature of the tire-soil model is that it shows
the drop in the pull-coefficient with siip inc:reasing past the op-
timum. The shape of the pull-coefficient versus slip curve in
frictional soils is similar to that of the shear stress-displace-
ment curve in direct shear stress tests experienced in dense soils.

The decrease in pull-coefficient was often attributed to the decrease

Preceding page blank 93
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in mobilized shear stress with iip. However, _he mebilized sheavs
slip curve used with tbe prescnt tire=so0il mode Loand rep esentca by
Eq. {5) does not show a peak bui increases monotonically. Thus (no
decreasc of the puil-coefficient at high slip rate  cammol ne at -
tributed to this effect, but is the consequer of tire-seil in-
teraction. When the shear stress at the interface approcches ics
maximum valuc, the normal stresses in the rear ficld that ar.
trolled by soil failure conditions rapidly decreasc. The tire-
soil model rvesponds to this decrease by an increose of the entry
and rear angles and of the sinkage associated with these angtes.
The average inclination ol the contact arca increases as does the
horizontal component of the normal stresses acting on this arca.
The net result is a decrease of the pull-coefficient even though
the mobilization of the shear strength at the interface is closc

to 1ts maximum.

The above finding is significant inasmuch as strain softening
of the interface shear strength may be discounted as the cause of
drawbar pull decrcase at high slip rates. Strain sofltening is
characteristic of the shear strength properties of dense granular
materials where part ol the shear strength is derived from cthe
recessity that particles override each other. When the dense mate-
rial loosens up shear may occur without much override, and the shear
strength decreases. At the interface the mechanism of shear strength
mobilization is different from that described above in that the
failure surface is a solid one where shear may occur without par-
ticle overriding. Thus the monotonical increase of shear strength
mocbilization as intuitively suggested by Janosi and Hanamoto and
represented by Eq. (5) is .iwore representative of the mechanism of

shear at the interface than other relationships that show a peak.
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While the decreasc in pull-coefficient was well reprcduced by

the model, the accompanying significant incrcase in the torque co- |
efricient was not always reproduced. Figures 52 through 54 show
an increase of the measured torque at high rates of slip while the /
predi. "ed torque decreases. On the other hand, Fig. 55 shows a
case where both the measured and predicted torque coefficient de~-

; crease at high slip rates. An analysis ol the possible causes of

| this discrepancy was made and the followini conclusions were reached.,

Th.. (ire~soil model dovs not account tor the internal friction
] caused by the deformation of carcass and {riction in the bearings
: while the effect of these are included in the torque measurements,
It is estimated that discrepancics on tnis account mav imount o

2-3 percent in che value of the torque coctfiicient.

Some rotational inertia «f{fects may have affcct:d the torque

measurements. Inaccuracies on this account iare probably small. )

The centerline geometries and radius variations ossumed in
the tire-scil model 1or these high slip rates were . esticated,
It was found that differences in torcue prediction on account of
misestimated radii are not likely to result in ¢ differen ¢ of more

than 2-3 percent in t e predicted value of the torque coetlicient.

The assumed smooth distribution of intertace stresses in con-
trast to that observed in experiments that show pcaks due Lo car-
cass stiffness may result in underescimated torque. The peaks oc-
cur close tc the entry and exit angles wheve deflection is less and
radius is greater than in the center (Fig. 59). Again, differences
on this account are not likely to exceed 2-3 perceant in the

torque value.

Even if the sources of discrepancies act cumulatively, the

over~-all effect wouid not be more than 10 pcrcent in the value

,}:
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of torque coefficient. Since at very high slips discropancies oc-

curred in the tovrque coefficient as high as 20 percent, there L
must be yet another source of these discrepancies. It was found ﬂ
that the most likely cause of discrepancies higher than 10 per-
cent 1is that the assumption that the moment of interface normal i
stresses about the axle is zero deces nct hold true at high slip ‘
rates, This assumption was based on the expzrimental finding of §
Freicag et al. (Ref. 4). 1t appears that geueralizalion of the |
validity of the conclusion drawn in Ref. 4 from a limited number

of experiments (that the moment of normal stresses is zero wa~ not
warranted., It appears that at high slip rates the center of tire

axis shifts in such a way that normal interface stresses geneate

moments about the axis. Such a shift in the relative position of

the axis to the interface was observed in the experiments where

centerline geometry was measured (Fig. 60). Unfortunately, there

were no simultaneous interface stress measurecments in these ex-

periments so that there is nc way "o check the validity of the

assumption that the torque from normal stresses is zero,

The speculative conclusion that at high slip ra:tes interface
normal stresses may cause moments ahbout the axis is indirectly
suppor ted by the dimensional analysis of tire-so’ ! interaction
(Ref. 18) and the comparatively poor torque p.rf{ormance prediction
with the WES method. In the dimensional analysis it was found that
the relation of the terque number to the sand number was not well
defined (p. 117, Ret. 18) and torque rerformance predictions were
found te separate for various tire shapes (p. 15, Ref. 18). Ob-
viously, a shift in the relative position of the tire axis to the
interface is a tire property that cannot pnssibly be cli rocterized
by a single deflection number obtained under vertjcal loading cor-

ditions on a rigid surface and, therefore, cannot be accounted for
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by dimensional analysis techniques using this tire characcerica-

T

: ] tion. A shift in the position of the axis would affect the torque
coefficient tut not the other performance charactericstics and
would explain the discrepancies of torque cocfficient preuictions

& by both the tire-soil nodel and WES techniques.

The performance prediccion for test 13 was analyzed in detail
i since, in contrast to the other tests, pcrformance prediction in
this case was reclatively poor (Fig. 22). A look at the pull per-
formance prediction curve established by WES (Fig. 61) reveals
that this curve is very steep at the sand numeric for rest 13

(Ns = 5.06). This indicuates that under thesc conditions a small

e

variation in soil strength results in a large variation of the

pull-coefficienc,

£ An investigation wes made to determine the effect of such
cmall variations on the tire performance predicted by the model.
Figure 22 shows pull-coefficients computed for « = 37.6°, es-~
tablished by Eq. (3), aad for ¢ = 36° and 35°. These two lat-
ter friction angles yield acceptable pertormance prediction and
are within the limits of accuracy by which the friction angle can
be determined from cone penctration measurements. Thus modifica~

tion of the tire-scil mondel on account of test 13 was not deemed

g
necessary.
The pull-coefficient prediction for test Cl-1 was also analyzed
in detail. These analyses indicated that it was not nossible to
3 duplicate the pull-coc(ficient of 0.56 observed in the test at

60 percent slip with any rcasonable variation of the model parame-
ters. An examinition of the predicted sinkages in these analyses
indicated that at 20 percent slip (where sinkage measurement was

available) the predicted sinkage was less than the measured one
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excluding the possibility that underestimation of the pull coeffi-

cient resulted from an overestimated sinkage. For small sinkages

the contact area may be approxinated by a plane inclined at an

angle ¢ to the horizontal, and the following approximate rela-

tionships for the maximum value d the pull-coefficient may be

developed (Fig. 62).

T =N . tan © + c.A ()
max
H = (T - T") cos ¢ =T - cos € ~ W tan ¢ (10)
max max max
A B N/paV D)
. 2
Pull-coefficient = (H/W) = tan 5 + —— cos"¢ - tan ¢
max p /
av (12)

An examination of Eq. (12) shows that for the pull-cocfficient

to become as high as 0.56, either tan 7 or c/pav or both

would bhave to have much higher values than assumed or calculated

1n the model. It is highly unlikely that the clay as prepared

for the test at a high degree of saturation would exhibit a {ric-

tio.a angle appreciably higher than 137. In cohesive soils the

value of c/paV is not appreciably affected by the value of co-
hesion when the soil strength controls the interface stresses.

In such a case P, is approximately five times the cohesion re-

sulting in a c/pav value of about 0.2. The value of C/Pav

could be significantly higher only if the limiting pressure, Pys

controlled the average pressure p In order for this to be the

case, the accual inflation pressure would have had to be much lower

than the design pressure. Although it is conceivable that some

leakage occurred during the test, it is unlikely that a signifi-

cant drop in the inflation pressure would have gone unnoticed.
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A factor that may increase the pull-cocificient and is not
accounted for in the model is the effect of side wall adhesion.
An estimate of the effect of this adhesion showed that it could

not aftect the pull-coefficient by more than 2-3 percent.

All the above considerations indicate that the underestimation
of the pull-cocfficient in this case cannot be attributed to an un-
satisfactory simulaticn by the model or to inaccuracies in the
estimates of the strength properties of soil. The most likely ex-
planation for the discrepancy between observation and model simula-
tion is that soil conditions were not w.’form during the test and
the strength of soil at the surface was higher than the strength
averaged over a six-inch depth. In experiments with clays close
te saturation 1t is very difficult to prevent ecvaporation from the
surface; a relative humidity corresponding to the moisture equi-
librium of the soil would have to be maintained during the prepa-
ration of the soil bed as well as during the test. 1In carlier ex-
periments at WES a decrease in the moisture content of the upper-
most layer in the soi! bed was indced obscrved (Ref. 19), ond at-
tention was called to the importunce surface strength in Lire
performance tects. Unfortunatcly, penetrometer tests are no.
very well suited to discriminate between surface soil strength and
the average strength of a six-inch deep layer, and later investige-
tions were confined to the detrimental effect of weak (wet) surface

layers.

The strength of the surface layer affects the pull-coefficient
in the following way: In Eq. (9) for the maximum traction, th-=

strength parameters of the surface layer may be used. The failure

conditions ir the soil, however, are contvolled by the lower strength

of the soil below the surface layer so that the normal pressures and

102

3

o el g Sy i £

e

T

RO T B

TR

o5 PTg v sl

i
L5
m.l.—m‘ e




| Ll

Pay remain essentially unaffected by the higher strength of the
surface layer. Thus in Eq. (12) both 2 and ¢ refer to the
stronger surface layer while Py corvespords to the lower strength
of the underlying layer. The result is a significantly higher pull-

coefficient thun that obtainable under uniform co0oil conditi uns.

The potential effect of a strong surface layer on the pull-
coefficient is subject to limitations imposed by the underlying
laye-. The strength of the upper layer to develon traction can
only be utilized to the ecxtent that the shear stresses at the in-
terface between the upper and lower la,er do not exceed the failure
critcria fur the lowcr layer. This will depend on the thickness of
the upper layer and the relative strength »f the upper layer tc
that of the lower one. These conditicns may be analyzed by ex-
panding the present tire-soil model so as to allow for a two-layer
system or for soil strength changing gradually with depth. Such ¢
model would be essentially the same as proposed previously for the
ana.ysis of slipperiness. Slipperiness is essentially the same
phenomenon as discussed previously ercept that the strength ratios

of the uvpper and lower layer are reversed,
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XI. SIMULATION OF TIRE PERFORMANCE IN COHESIVE-FRICTIONAL SOILS

The comparisons of predicted cire performances with wmeasured
ones given in Section X show that the proposed tire-soil model
yields very good predictions for a variety of tires and soil ccn-
ditions. The éexperimental data available for these comparisons
however, were restricted to two types of soil: the purely fric-
tional Yuma sand or the purely cohesive Buckshot clay. From the
viewpoint of the tire-soil model this restriction is not considered
as a limitation to the use of the model in frictional-cohesive
soils. On the contrary, the computation of interface stresses by
plasticity thecry takes into consideration the simultaneous effect
of fri:tion and cohesion and, therefore, it can be assumed that the
tire-soil model simulaces tire performance in -cohesive-frictional
soils as well as in the cases shown in Section X. Nevertheless,
it seemed desirable to evaluate model pertformance under soil con-
diticons other than tested at WES. The tirc performance tests con-
ducted at the National Tillage Machinery Laboratory in various
types of apricultural soil appeared to be suitable for this pur-
pose. However, these tests were performed for comparative tire
per formance stucdic:s where soil conditions were intended to dupli-

cate conditions likely to be encountered in the field by agricul-

tural tractors (for example, moisture content increasing with depth).

Since at this time the tire-soil model has not yet been expanded to
include layered or nonuniform soil conditions, the simulation of
the<e agricultural tire performance tests by the model strictly
applicable to homogeneous soilsc cun only be cousidered as a crude

approximation.

The tire performance tests seleated for simulation were part

of a larger program where the effect of lug angle on performance
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was investigated. These tests are described in detail in Ref. 20.
The selected tests are the ones performed with swcoth tires that

were tested in the large program for reference purposes.

In order to have performance evaluations comparable to that
reported in the preceding sections, the digital data points re-
ceived on a punched paper tape from the National Tillage Machinery
Laboratory for various travel reduction rates had to be converted
to slip rates. In tnis conversion in the ahsence of tire deflection
data, the so-called loaded tire radius taken from the manufacturer's
catalog was used in the computation of the slip rate. The slip
rates shown in the various figures may be in a slight error on this
account, For each test over 100, data points were obtained.

Fisure 63 shows data points for t=st Al together with the best
fitting second degree polynomial obtained by the appropriatc com-
puter library program and displayed on the visual display terminal.
In the following comparisons of performance predictions with National
Tillage Machinery lLaboratorv test results only the best fitting
curves are shown to preserve clarity. The best fitting curves for
tests Al and A2 shown in Fig. 64 and those for tests A3 through A6
shown in Fig. 65 are a.most identical, indicating the good repro-
ducibility of these tests.

Results of the simulation of these tests by the tire-scil model
are shown in Figs. 64 and 65 by crosses. The results of the tests
performed in the Decatur silty loam were duplicated fairly closely
using the strength properties determined by triaxial tests for the
uppermost laye. with the least moisture content. Simulation of
the tests performed in the Vaiden clay is not as good as in the
Decatur silty loam, although in the simulation shown, a cohesion

value about 30 percent higher was used than that determined by
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triaxial tests tor the uppermost layer of the Vaiden clay. In
the simulation slip parameters were assumed by trial and crror

proce lure.

It appears that in order to obtain good simuration, soil
strength values cqual or higher than that of the strongest upper-
most layer would have to be used with the tire-soil model. One
vxplanation ror this is that the soil strength determination by
triaxial tests was conducted at a lower rate than thce loading rate
applied to the soil 1in the tire test. Another possibility that at
first glance may scem paradoxical is that in a layered system with
strength properties decreasing wich depth a higher pull-coefificient
can be obtained than in a uniform soil that would exhibit the
strength properties of the uppermost, strongest layer. There are
indications that a weaker underlying layer would act in a similar
way as a low inflation pressure: it would reduce the normal in-
terface stresses while allowing interface shear stresses as high
as the strength of the upper layer. The exrension of the tire-
soil model to layered soil system and nonuniform soil conditions
would allow the analysis of such cases; until such a model is

available no conclusive evaluation of the test results can be made.

O A

i o LA




XI1. EVAWIJATION OF THE TIRE-SOIL MODEL AND SUGGESTED IMPROVEMENTS

: The prediction of tire performance presented in the various
figures of Section IX is very good and one could sav much bet:ter
than might be expected from a two dimensional model that cannot

t ake into account three dimensional effects. Since three dimen-

Ty e L T P e

sional effects as well 4. bow waves certainly affected tire per-

e

formance at least in some of the tescs conducted, it was "hought
necessary to analyze these effects and determine why it was pos-
sible to achieve good yprediction accuracy without the considera-

tion of these ¢[r=cts. Following arc .he results of these analyses.

It was pointed out in the previous report o1 rigid whecl-ccil

£ interaction (Ref. 13) that lateral failure conditions constiture a

S R B SRy RURCRR TR oy

limitation of the normal stresses that may arise at the interfecce.

The interface stress imeasurements performed with rigic wheels ..
clusively indicateu that the distripution of ncrmal stresses across
the interface is no long:r urni:-orm if lateral failure conditions 3
prevail. The limitation on the normal stresses imposed by lateral

failure conditions may be formulated and computed by plasticity

theory; this developwent was outside the scope ol the present pro-

i gram. However, for the purpose of this discussion an approximate
ik
E formula was developed for the computaticn of normal stresses at |

the outside edge of the tire on the basis of lateral failure. 1In

e

the case of cohesionless soils the ma<imum normal stress that can
arise at the edge uf the intexrface depends on the friction angle

and on the depth of the point of the interface below the original
surface. Typical edge stresses computed by ihis approximate for-

mula are compared with normal stresses computed in the tire-soil

e b L

mocdel in Figs. 66 through 68. Centerlinre geometries for the came :

test are shown in Fig. 49. 1t can be seen that the smaller the
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sinkage, the more pronounced the effect of lateral failure condi-
tions. In the case of small sinkage, the pull-coefficient is not
influenced by the average inclination of the contact area and is
essentially determined by the '(/crl ratio. In such a case Lhe
tire-soil model predicts the pull-coefficient accurately even

though the computed arc length of the front field is snorter than

it would be had the lateral effect been considered, Wich increasing

sinkage, the lim.tation on the normal stresses due to lateral

failure becomes less significant and pred.ction is acceptable. 1In

cohesive soil., the effect of lateral failure is less significant.

Even though this fortuitous situation allows a satisfactory per-

formance prediction by the two dimencional model, consideration of

the three dimensional effect would result in the foilowing advantages:

) In the present two dimensional model the relationshins
established for the estimate of € are differ nt for
the variaus tiro tyres. Tt is believed that a similar
model, expanded to take the limitations on the inter-
face normal stresses due to lateral faii.rz into con-
sideration, would probably result in a uniform relation

for € for all tire sizes.

= Consideration of lateral failure in the model would
allow performance simulation of dual and multiple tire

arrangements with proper consideration of their spacing.

e The development of a technique to consider lateral
failure would be directly applicable to tracks and
track elements and could be the basis of tracked

vehicle modeling.

As regards the bow wave effect, the following considcrations

apply: The tire-soil interaction, as was shown previously can be
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satisfactorily simulated by the oodel in which the soil is repre-
sented by its strength properties. Sinkage as well as stressces

in the soil beneath the tire are determined without consideration
of the volumetric changes in the soil. However, the total volume
change of the soil due to the stress system penerated by the tire
load should be in balance with the total volume change represented
by the size of the rut. If therc is an unbalance, bow waves form.
In the experiments perfomed at WES with densely packed wooden
rollers (a two dimensional soil model), tire-soil interaction re-
quired a certain sinkage and velume change that could not be

ba lanced by further densification of the wooden rollers. Conse-
quently, sizable bow waves developed in these tests even at high
slip rates. Since the volume change of the soil model was prac-
tically nil, and no lateral displacement occurred in the two dimen-
sional model, no volume balance could be achiceved and the size of
the bow wave did not stabilize during the test. In actuality the
conditions are never rigorouslv two dimensional and significant

bow waves occur only with towed and relatively wide tires.

The effect of bow waves on tire-soil interaction may be ana-
lyzed by the model by assuming that the geometry of the free sur-
face in the front of the tire is that of the bow wave. Preliminary
studies indicated that it is feasible to account {or the bow wave
geometry in the computation of the front slip line field. Figure 69
shows the slip line field geometry for an assumed bow wave. Pre-
liminary analyses indicate that the effect of a how wave on inter-
face stresses and tire performance is not as great as the physical

appearance of the bow wave wculd suggest.

While it would be desirable to take the effec: of bow waves
into account in vire-soil interaction, this would necessarily in-

volve the determination of at least another parameter that expresses
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the volume change properties of soil. (This is discussed in more

detail in Appendix /) Fortunately, as our pre.iminary analyses

indicate, the bow wave effect does not influence significantly
the pull-coefficient determination for driven tires. However,
for towed and very wide tires the bow wave effect may not be
neglipible. The tire-soil model may be expanded to include the
consideration of bow wave cffects, but further rescarch is necded
to develop methods for the estimate of soil volume changes, volume

change balance, and bow wave size,.
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XIIT. USE OF THE TIRE-SOIL MODEL AS AN ANALYTICAL TOOL

The simulation of sort soil tire performance by mathematical
models is advantageous not only for performance predictions as :

discussed in Sections IX through XII, but also for the analysis

f
and understanding of tire-soil interaction phenomena. In Section X !
some examples of the use of the tire-soil model for the analysis of {
tire-soil interaction phenomena have already been presented. For
example, it was shown that a drop in the pull-coefficient experienced
at high slip rates occurs in frictional soils even if the developed
shear stress increases monotonically with slip. Another analysis

in Section X showed the significance of surface layer strength.

The tire-soil model is preeminently suited for the analysis

of the effect of changes in any one irnput variable on tire per-
formance, For example, the maximum drawbar pull that a tire can
exert in sand can be analyzed and the maximum drawbar pull at
various tire Joads determined. Figure 70 shows the results of such

an analysis for a 9,00-14 tire inflated to 16.4 psi. The soil is

Yuma sand with a cone index gradient of 13.8. It can be seen that
there is a maximum drawbar pull that cannot be exce:ded by increas-

ing the tire load even if the available torque is unlimited. :

Another way of presenting the effect of tire load on pull
performance is shown in Fig. 71, which shows the decrease of the

pull-coefficient as the tire load increases.

Parametric analysis of design variables can be easily performed
by the mathematical tire-soil model. 1In Fig. 72 the pull-coefficients
for various tire diameters are shown, all other variables being con-
stant. The fact that larger diameter tires work better in sund than
smaller ones is, of course, well known. The mathematical model con-

firms this fact in quantitative terms over the whole range of slip.
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The respective torque and sinkape values arve also availab. from
the computer program, Pertorming tire performance computation
for soil conditions representative of a4 mission, the design can

be optimized and trade~oft studices can be made for wmilitary de-

cisions.,
The effect of inflarion pressurce on pull periormance is shown
in Fig. 73, The inlation pressures correspond Lo 1, 75, and

35 percent  deflection (in WES terminology), respectively.  The

analvsis confirms the well-known beneficial c¢frect of lowering the

inflation pressure on traction,

The effect of soil properties on tirce performance may alsoc be

casily analyzed. An example of such ¢n analysis is shown in Fig. 74

where pull performances {or the conditions of test Y are compared

tor various values of the unit weight .; all other conditions arc
unchangzed. [t is secen that a slight incercasce in . improves tirve

performance by some three percent in the pull-coc.ficient.  Such a

dilierence may remain obscured in an cexperimental program where

dista scat'er oeeurs lor many reasons and a detailed statistical

analysis would be necessary to show that such obscrved differencos

arce statistically significant, In an analysis by a mathematical
model all other variables (including friction angle) are exactly
the same, and the obtained results clearly show the influence of
changes in the selected variable, the unit weight. The effect of
unit weight is more pronounced undcr other circumstances. In
Fig. 74 computed pull-coefficients are also shown for the case of
= 65 lb/cu ft that corresponds to the submerged unit weight of
soil. It is seen that the submergence affects tire performance
appreciably cven i only its effect on unit weight is considered.

In this analysis pore water pressures were assumed to be neutral;
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the cffect ol pore water pressures that, deperding on the density
of soil, decreases or increases the strength of soil may override

the effect of unit weight.

Although the comparison of predicted and measured pull per-
rmance presented in Section IX includes a wide range of soil
strength, it is of inter. st to show the variation of pull per-
formance when only the strength is varied, all other conditions
being equal. Such a comparison is shown in Fig. 75. Soil strength,
as tig. 75 and the other performance analyses indicate, is the most

crucial single faccor in vehicle mobility.

Figure 76 shows (he effect of a small cohesion on the pull
performance curve. A cohesion of 10 1lb/sq ft, which is indeed
very small and could be the result of a slight dampness in fric-
tionu! soils, improves the pull performance appreciably. The ef-
fect oi cohesion on pull performance, if it acts in conjunction

with a high f{riction angle, is great.

As these examples indicate, the model is vell suited for para-
netric analysis of various design features. These analyses can be
performed at a fraction of the cost of experiments and in a matter
of minutes. The availability of such a model is expected to spur

interest in optimizing the design of off-road vehicles.
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XIV. CONCLUSIONS AND RECOMMENDATIONS

A mathematical tire-soil model has been developed that re-
flects the role of tire deilection and soil ¢ ‘rength in tire-soil
interaction with sufficient fidelity so that prediction of tire
performaice by the mathematical model is within the range of the
accuracy of experiments. On the basis of the mathematical model
a computer program was preparcd 1oui the prediction and analysis
of tire performance. The computer program requires a 9K core
on a PDP 10 computer; average runring time is 30-60 secconds.

The computer program can also be accommodated Lo minicomputers;

considerable cavings in running cost can be thereby achicved.

Model input parameters are of three kinds: tire, soil, and
slip parameters. For the determination of these parameters from
convencionally obtained data theoretical studies and correlation

analyses have been made with the follewing results:

, For the tire input parameter, Py, @ cenerally valid
relationship with P> the inflation pressure, has
been established. The input tire deflection parameter,
¢, has been related to the deflection on rigid surface

by wvarious relationships, eachk valid for a particular

tire type. For the establishment of a generally valid
relationship, thrce dimensional cffects would have to
be considered in the model. 1t is recommended that the
tire-soil model be expanded to account for this three
dimensicnal effect. Such ar expansion would also allow
the meaningful analysis of performance of dual and

multiple tire arrangements with respect to tire spacing.
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For the liaboratory determination of soil input parame-
ters a triaxial testing technique has been tentatively
developed that varies the chamber pressure with strain
and simulates thereby the strain and stress paths in
the soil under tire loads better than conventional tech-
Liques. 1t is recommended thac further research be con-
ducted for the establishment of strain and stre . . path
criteria in triaxial testing {or mobility purposes and

appropriate chamber pressurc control devices be developed.

For the determination of soil input parameters f{rom cone
penetration data, appropriate relationships have been de-
veloped and incerrorated with the computer program. These
relationships are valid for either rrictional or cohesive
soils. Tor frictional-cohesive soils it is recommended
that cvaluation methods for the determination of soil
strength properties from field tests be developed, the
suitability of the varicus techniques for soil strength
determinaticn be investigated, and appropriate modifica-

tions in these techniques undertaken.

For the input slip parameters correlations with the sand
or clay numeric have been cstablished for the Yuma sand
and Buckshot clay, respectively, the two soils for which
tire performance data were available. It is recommended
that a theoretical research on the interface shear stress
development with slip be initiated, and methcds for the
determination of these two parameters in the laboratory

and in the ficld be developed.

The analysis of tire perfomance tests in clay showed that

surface conditions may affect the pull coefficient appreciably, not
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only if the surface is wetter, but also when it 1s dricr than the
soil beneath the surface layer. Wet surface conditions have been
of concern because of the resulting slipperiness. Dry surface
conditions improve traction and, tnerefore, little attention has
been paid te their effect. Nevertheless, evaporation from moist
soils almost invariably results in a surface layer that is sig-
nificantly drier than the soil at depth. 1In order to assess the
cffect of dry and wet surface conditions on mobility, it is recom-
mended that the present tire-soil model be expanded to include
tayered soil conditions as well as soil conditions with a gracual
increase of strength with depth, Such a model would allow the
analysis of slipperiness as well as of dry surfaces and could be

used to develop criteria for the evaluation of field tests.

The developmen' and validation of tire-soil model presented
in this report is based on experiments performed in either purely
fric-ional or purely cohesive soils. Theoretically, the tire-soil
model does not differentiate between purely frictional and purely
cohesive soils since the soil is modeled therein by its strength
propertics that include both [riction and cohcesion. Nevertheless,

it is desirable to compare performance predictions by the model

with experiments and make modifications in the model, il necessary.

It 1s recommended that tire performance tests in a varicty of
cohesive-frictional soils he conducted, the strength properties
of these soils be determined and the data made available for

analysis and further validation of the model.
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APPENDIX A

DETERMINATION OF SOIL STRENGTH PARAMETERS
FOR THE PURPOSE OF MOBILITY EVALUATION

Introduction

Soil strength has been recognized as the soil property that
controls the behavior of soil-running gear systems iIn off-road
locomotion. Consecrently, in the tire-soil model presented in
this report the scil is modeled by its strength properties. For
both the use of the strength properties in the model and the
characterization of soil for mobility purposes in general it s
essential that the strength properties of soil and the conditions
that apply to the laboratory and field determination of these
strength properties for the purpose of mobility cvaluation be

defined.

Definition of Soil Strength

Soil strength is defined as thce maximum shear stress that can
be developed on a failures surface. 1If this shear strength is a
linear function of the norma. stress acting on the failure surface,

then the following equation holds
s =c¢+ o tan (A-1)
where ¢ and <« are the Coulombian shear strength parameters,

The linear dependerce of the shear strength on the normal
stress is an approximation. In some cases it may be necessary
to consider nonlinear strength relationships; the use of non-
linear relationship in wheel-soil interaction problems is dis-

cussed in Ref. A.l. For the purpose of the following discussions

g




it is assumed that, within the range of normal stresses of interest,

the soil strength can be satisfactorily approximated by the linca:

relationship represented by Eq. (A-1).

The Coulombian soil strength parameters arce not material char-
acteristics inasmuch as their value depends on the time rate of
loading and the drainage of the s0il during loading. Also, the
Coulcmb parameters refer to normal and shear stresses that act in
a plane perpendicular to the failure surface and are, therefore,
essentially two dimensional in nature. The stress and strain con-
ditions that obtain perpendicular to that plane may affect the
value of the Coulomb parameters. In experiments for the determina-
tion of the Coulomb strength parameters for mobility purposes, che
transverse stress and strain conditions should duplicate those that

exist in the field in the tire-soil interaction.

The following discussion is intended to define the wvarious
conditions in tire-soil interaction that have a bearing on the

Coulsab strength parameters:

° Drainage conditions in the soil are generally very close
to the hypothetical undrained condition during the pas-
sage of a tire. Exceptionally, the degrece of drainage
during the application of wheel load to the soil may be
important in the case of submerged, relatively well
draining soils, such as fine sand. For the purpose of
general mobility evaluation, undrained conditions may
be assumed and the above submerged condition treated

as an exception,

The loading rate of soil in tire-soil interaction is di-
rectly proportional to the translational velocity of the
tire. Very roughly, the soil loading rate may be esti-

mated by assuming that the stresses on a soil element

A-2
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rise from their initial state Lo peak during a time in- %
; terval it takes the tire to pass half of the length of 1
the contact area. For example, a tire traveling at the |
low speed of 3 ft/sec and having a 1 [t Jong contact [
g arca would impart full loading to the scil in 1/6th  of h
a second. Loading rates encountered in mobility prob- ;
lems generally fall in the category of quizk or rapid m
£ loading. While the strength of quickly loaded scils ;1
may be considerably different from that obtained with ;E
slow loading rates, it is generally not too sensitive 53
» to changes in the loading rate within the range of §1
i translational velocities of interest. Thus, in strength Ei
testing, loading rates that are approximately in the A?
range of the rate anticipated in the ficld are acceptable. %
4
° Strain conditions in tire-soil interaction are pencrally |
§ three dimcnsional since the compaction of the soil be- )
neach the tirc is generally accompanicd by lateral dis-
¥ placement. Thus, even though a two dimensional model is
4
used for the computation of stresses, the sitrcngth parame-
ters of the se¢il in that model should be determined by 1
testing methods that allow for strains in the third A
dimension.
' The development of soil strength is always accompanied by i
i volumetric strain. If the displacement constraints in a particu- y
lar problem invoiving failure of the soil are such that the volu- d

metric strain associated with the soil strength cannot be attained,

the soil strength cannot be developed and the use of a so-called
partially mobilized soil strength is in order. In soil mechanics

this case is known as local snear failure, as contrasted with the
A

A-3




case of general shear failure :hen the shear strength is fully

mobilized. The situation in tire-soil interaction problems is

different from that encountered in conventional bearing capacity
problems in that with the advancement of the tire the soil is
progressively compacted and the volumetric strain associated with 1
the passage of the tire is, in the case of intecrest, generally

sufficient fo mobilize the full strength of soil. Further dis- |
cussion of strain conditions is presented in connection with the
use of triaxial tests for the determinaticn of soil strength

properties.

Laboratory Determination of Soil Strength for Mobility Evaluation

Two types o. testing technique are used widely in soil mechanics
practice for the determination of soil strength: the direct shear 1
type and triaxial type tests. The direct shear tests rcpresent :

plain strain conditions, whereas in the triaxial test the intcr-

mediate principal stress equals the minor principal stress. Strain
oo . . o a
% conditions in the triaxial test correspond Lo the stress conditions 2
) 0y = 0gq. This latter strain condition approximates the oncs in the
L

field more closely than the plain strain and, therefore, the deter-
mination of soil strength properties by triaxial tests is more ap-
propriate for mobility evaluation than direct shear tests. The
good agreement between measured interface stresses and those com-
puted on the basis of triaxial shear strength, reported in Ref. 13,
and the good simulation of tire performance by the tirc-soil model
using strenpth data obtained from triaxial tests give strong sup-

port to the preference of triaxial tests for strength determination.

The samples used in triaxial tests are either undisturbed ones

obtained in the field or ones prepared in a laboratory mold. In

A-4
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principle, undisturbed samples should be used since the in situ
strength of soil may reflect the grain structure of the soil chat
cannot be duplicated in laboratory preparation. This is particu-
larly true for residual soils. However, undisturbed sampling of
surface soils is difticult and undesirable where ficld variation
in soil properties requires that a 'arge number of samples be
caken. Obvicusly, field testing techniques that test the in situ
strength of soil are better suited for the purpose of mobility
cvaluation. On the other hand, the preparation of soil beds for
tire performance tests can be closcly duplicated in the prepara-

tion of soil samples for triaxial testing. Thus the role of tri-
p g

axial testing in mobility evaluation jis the determination of st.ength

properties for model validation. Triaxial tests are also necessary

for the validation of field testing tecuniques.

In the conventional triaxial testing the chamber pressure
(minor principal stress) is kept constant and tne vertical load is
increased until failure cccurs or (in the absence of a clearly de-
fined failure point) a certain strain is reached. 1In tire-soil
interaction the minor principal stress monotonically increases up

to its maximum value, then decreases monotonically throughout the

passage of the wheel — as can be seen in Fig. A-1, which shows the

nagnitude and direction of principal stresses in the {ailure zones
beneath a rigid whecl. The stress piaths correspendiag to those
principal stresses in the loading and unloading phase during che
passage of the wheel can bte constructed in the principal stress
space (assuming 0y, = 03) as shown in Figs. A-2a and A-2b for a
rigid wheel and in Figs. A-2c and A-2d for a pneumacic tire, In-
dicated by light lines in these figures are the equivolume contour

lines that can also be obtained in triaxial tests. The volumetric

strains associated with the stress path of loading increase together
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Fig. A-1 Principal Stresses in Soil Beneath a Rigid Wheel

with the increase of minor princ.pal stress. Thus the stress and
strain conditions that duplicate those in the {ield in the tri-
axial test are such that the minor principal styess (chamber pres-
sure) wouid have to increase with increasing volumetric strain.
Since convencional triaxial testing techniques do not aliow a

a variation of the chamber pressure during loading, appropriate
modifications were made to the triaxial apparatus avaiiable at
Grumman. Description of the testing apparatus ard vesults ob-

tained with the modified technique are given belcw.

Triaxial Testing for Mobility Evaluation Purposes

In order to apply lcading rates comparable to that in tire-
soil interaction, the triaxial chamber was mounted on an Instron
TM4 loading frame that allowed a strain controlled applicaiticn of

the vertical load at rates varying from 0.05 to 5 cm/min. Even
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the highest rate of loading that the loading frame allowed was less
than that corresponding to a3 1t/sce travel velocity; the re-
sources of this program, unfortunately, did not allow for a major
modificacion of (he loading fvamce. Since, in mobility probiems,

soils are generally less than 100 percent  saturated, compression

of the sample occurs during loaaing, and the deformed cross section

SN Sl i e o B

: of the sample cannot be determined without measuring the lateral de-
formation of the sample. Initially. one circumferential gauge with
a centimet r scale, placed at mid-height of the sample, was applied;

3 it was tound, however, that at high toading rates the sample deforma-

tion was asymmetr.cai about the mid-height, nd it was necessary to
applv threc cirvcumferential paures. Since it was not possible to
read ‘hese pavizes cven at moderat.e doading rates, a closed circuit

telr rision camcra ith o video tape recorder was used to record the

pusition of i gaes during the test; readings were made by re-

playing the video o and stopping it at appropriate intervals to

record the readlngs. & pleture b thé setup

is shown in Fig. A-3.

dricante Chamber Pressurce Triaxial Testing with Video
ape Ke ording of the Civeumberertial Gauges
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i Triaxial tests with the above technique were performed on

é samples of Buckshot clay received from WES. Figures A-4 and A-5 %
show the Mohr circles obtained by this method for tests on 2.9 x 7 i
in samples of Buckshot clay prepared at 34 percent moisture con- i
tenl and tested at a loading rate of 5 and 0.5 c¢m/min, re- i
spectively., The Mohr circles indicate almost identical strength :
properties for these two loading rates; differences between the §
two tests are within the range of accuracy of this type of test. %
Thus at the loading rates applicd in the tests strength properties A
] of the Buckshot ciay are not significantly affected by the magni- :
é tude ot the loading rate. ;
-, :
é Unfortunately, cven at the bighest loacing rate thact can be 1
% employed with the loading tframe, obout 20 seconds  elapse before é
? the maximum load or about 10 percent  vertic ol strvain is reached. ]

: Investigations performed with a dynamic toading me-hine (Rel. AJ2)
3
3 showed that at higher loading vrates the effect of loading rate be- :
? comes more pronounced and @ gain in strength wit X ne s ease of z
b loading rate can be conclusively observed. i
Mobr circles for another typical test on Backsnot o lay arc 4
shown in Fig. A-6., The moisture content and the loadin: ALt %
the sample in this test was (he same as in test Bl, but the maxivum E
lateral pressurc of about 0.5 kg/sq ecm was reached ¢ 5 percent :
strain instead of at 10 percent, as in test Bl. The cohesio d
intercepl in the two tests are about the same, but the (vriction }
angle is higher in test B7 then in BI. .
The measurement of the lateral deformation by the circumteron- §
tial pauges allows the evaluaticn of the void ratio durin: the test. g
Fipure A-7 shows the changes in void ratio as a function ot iateral ?
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pressure in test Bl. A relationship between void ratio and stress
states in the slip line field mav be established by these mecasure-
ments, and total volume change associated with the development of

the slip line field may be computed.

Triaxial tests with the above technique were also performed
on materials received from the Mational Tillage Machinery labora-
tory. Figure A-8 shows the Mohr circles for the Decatur silty
loam. Moisture contact of the sample was 8.7 percent and bulk
density 1.2 g/cu cm, which approximately corresponded to that
of the upper 2.5 in. 1in the tire performance vest. From this
test the Coulomb parameters are c¢ = 130 1b/sq ft and - = 21°.
Figure A-9 shows the Mohr circles for the Vaiden clay. Moiscure
contact of the sample was 25 percent and the bulk density
1.08 ¢/cu cm, approximately corresponding to that of the upper
2.5 in. 1in the tire performance tests. The Coulomb parameters

for this condition were found to be ¢ = 300 lb/sq ft, 3 = 12°,

In the above tests an al tempt was made to duplicate loading
rates, strvess paths, and strain conditions as they occur in the
rield. Since the resources of this program did not allow for
major modifications of the equipment, loading rates and variation
of chamber pressure had to be compromised. It is believed, never-
theless, that even with the restrictions imposed by the capabili-
ties of the apparatus, the test results are acceptable for most
practical purposes. An advantage of the proposed testing tech-
nique is that a friction angle is obtained in a single test, whereas
several tests are required for the determination of friction angle

with the conventional method.

For further development of the testing technique additional

information on stress-strain conditions in tire-soil interaction
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is required. Such information will be forthcoming in connection

with the research project aimed at the determination of the effect
of speed on tire performance where velocity fields associated with
the slip line fields will be determined and strain fields from the

velocity field may be derived.

Concerning the testing facility, a loading frame that allows
for faster loading rates is necessary. Chamber pressure regula-
tion that would allow for any desired variation of the chamber
pressure with vertical strain preferably by computerized control
is another necessity for the development of a triaxial tzsting

technique geared toward the needs of mobility evaluation.

Determination of Soil Strength Properties by Field Tests

Many types of field tests have been designed, and several of
them are regularly used in off-road mobility research and engineer-
ing for the characterization of soil properties. Some of these
are intended to measure the strength properties of soils; others
are used to ottain some measure of soil strength that is then re-
lated to running gear performance. Every field instrument that is
forced into ~he ground and records a displacement-force relation-
ship yields some information on soil properties; i7 the instrument

displaces the soil in such a wav that failure zones develop, then,

at lecast theoretically, it is possible to evaluate the soil strength

parameters from the results of the field test. 1In the following the

suitability of present field techniques for the determination of
soil-strength preperties is discussed, and methods for the evalua-

tion of these fi:ld tests are proposed.

A-14
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The Role of Volumetric Strain in Field Tests

As mentioned before, the prerequisite for the use of soil
shear strength in the determination of stress states in soil by
plasticity theory is that volume changes associated with the
shear strength may take place in the loading process. In tire-
soil interaction problems of interest this requirement is generally
satisfied since the volume of soil displaced by the tire is large
compared to the volume of soil affected, as shown in Fig. A-10a.
In contrast, in a cone penetrometer test the soil volume displaced
by the cone is small compared to that volume of soil affected by
the failure mechanism, as shown quantitatively in Fig. A-10b. It
should be noted that tle areas shown in Fig. A-10b are cross sec-
tions of bodies of revolution; to obtain volumetric proportions
the areas have to be multiplied by the respective distances of

their center of gravity [rom the axis.

Figure A-10c shows quantitatively the soil volume affected by
a plate sinkage tcst. The proportion of the volume of soil dis-
placed by the plate to that affected by the failure mechanism is
greater than in the case of cone penetration and, in most <ases,
is sufficient to balance the volume changes asscciated vith the
development of failure mechanism. In the case of ring shear tests,
the volume change requirements associated with the failure mechanism
assumed in conventional evaluation procedures are satisfied, but in
many cases that failure mechanism is not valid. A more detailed
discussion of the failure mechanism of ring shear tests is given

later in chis appendix.
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Fig. A-10 Comparison of Soil Volumes Displaced and Affected
by Failure Mechanisms in &,b, and c
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£ Determination of Soil Shear Strength Parameters Liom Cone
Penetration Tests

gy

; In the tire performance tests performed at WES, cone penetra-
tion tests were used for the characterization of soil properties.
f To simulate the tire performance tests by the proposed tire-soil

] model it was necessary to establish the Coulomb soil strength
parameters on the basis of cone penetration test data. To this

g end the results of theoretical analyses as well as triaxial tests

were used.

Dt e

For the tieoretical analysis of cone penetration tests a com-
puter program was available at Grumman that computes the slip line
field and associated stresses as well as the volume changes in the
slip line field for various cone angles assuming shear zones up to

the level of the base of the cone and a surcharge above this level

for the considerction of depth effect. The theoretical basis of

TR T s T A

this program and other details ave described in Ref. A.3. A slip

line field genecrated by thi- program assuming strength properties

R

T

of the Buckshot clay is shown in Fig. A-11. Volume changc¢ computa-

-t

U i

tions using void ratio [minor principal stress relationships deter-

mined by triaxial tests (Fig. A-7) performed for the case when the

base of the cone is level with the surface] showed that the volume

displaced by the cone was generally sufficient to produce the volume ¥

«
v

b
13
g
i

1}
53
2

changes necessary for the tull mobilization of soil shear strength. 1
Thus for the soil condicions _n the WES tire pevformance tests the |
cone penetration tests may be regarded as a measure of soil strergth.

It should be noted, however, that in the WES tests the lowest rela-

tive density of the Yuma sand was about 50 percent and the degice

of saturation of the Buckshot clay about 95 percent. At that rcla-

tive density of sand and degree of saturation of clay both soils

exhibit relatively small volume changes, and the finding that for
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the soil conditions used in these tests cone penclration resistance
is representative of soil strength does not necessarily mean that

this would be the case for soils exhibiting larger volume changes.

The strength properties of the Yuma sand were established on
the basis of relative density. An experimental relationship be-
tween the relative density of Yuma sand and cone index gradient
was developed at WES (Fig. A-12). Triaxial tests performed at WES
on Yuma sand were also related to its relative density (Ref. A.4).
On the basis of these data the following linear reclationship be-

tween cot . and relative density was established

cot o = 1.64 - 0.68 x tr . (A-2)

This relationship is valid for Dr > 50 percent. Figure A-13 shows
Eq. (A-2) and the values of © determined by various triaxial
tests. The friction angles represented by Eq. (A-2) were close

to those obtained in variable chamber pressure tests and by theo-

retical analysis of the cone penetration test (Ref. A.3).

For the Buckshot clay, empirical relationships betwean the
average cone index and strength parameters have been developed at
WES (Ref. A.5). These relationships have been compared wich re-
sults of variabi~s chamber pressure triaxial tests and .heoretical
analyses. The:-e comparisons showed good egrecm:nt with the value
of cohesion intercept est:blished by WES but indicated a somewhat
higher frictior angle. Accordingly, the following relationship

was used in tire perfcrmance cimulation:

CILALZNE

c(psi)
(A-3)

yp(degrees) CL/4

Regarding the evaluation of soil strength from cone penetra-

tion test data the following comments are pertinent.
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The relationskip established between friction angle and cone
index gradient ror Yuma sand is only approximately valid [or other
cohesionless materials. Theoretical analyses reported in Ref. A.3
show that in cohesionless materials the cone penetration resistance
depends not only on the friction angle but also on the unit weight
of material and the interface friction that develops on the surfacce
of the cone. For a particular material, a< the Yuma sand, there is
a relationship between fiiction angle and unit weight (cxpressed by
relative density) and, therefore, the cene index gradient is a mca-
sure of strength. For another cohesioniess material this rcelation-
ship may be different and the cone index gradient exhibits a dif-
ferent relationship with the friction angle of that material. This
theoretical conclusion is supported by tire pertformance tests per-
formea in mortar sand (Re‘. 1Z2; that showed a pull-cocfficient re-
lationship different from that for the Yuma sand, although the
mortar sand is in many respect:s very similar to the Yuma sard. For
an angular sand, or a sand composed of grains that have a much dit
ferent specific gravity, the difference would be cven orcater. In
addition, in very loose sands the cone penctration cannot mobilize
the full frictional strength and, therefore, it 1is not a unique

measure of strengih in loose materials.

The relationship established between Coulomb strength parame-
ters and cone index for the Buckshot clay is probably an acceptable
approximnation fo: other clays that are saturated close to 100 per-
cent , but may not be valid even for the BRBuckshot Tay at a dit!erent
degree of saturation. Theoretical analyses show that the unit
weight has but little influence on the cone penetration resistance
in cohesive soils whose friction angle is very low. Alsc, there

is little uncertainty about the inrterface adhcsion and friction
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that in cohesive soils appears to be fully mobilized in cone pene-
tration tests. Thus the cone index is a fair measure of soil

strength in cohesive soils with a high degree of saturation.

Partially saturated cohesive or cohesive-{rictional soils may

exhibit a high degree of compressibility. In such soils cone pene-
tration cannot mobilize the full soil strength and, therefore, is 3

not a good measure of it., A relatively large proportion of the

oG >y

one resistance is due to the adhesion on the surface of the cone

and the effect of friction angle becomes suppressed. Thus cone

peretration tests are not best suited for the determination of the

trength properties of such soils.

Y CRRE RS S o

'n thougnh the above problems vaise serious questions about
the suitability of cone penetration tests for the determination of
t trength properties of frictional cohesive soils, the conve-

11 n of tield testing by penetrometers makes their use for that

wurpose very desirable. It is evident that for the determination
i w  strength parameters, ¢ and ¢, at least two parame-

of the field test are needed even if the unit weight is esti-

]

el RGOS ERT

tt or obtained by other means. The penetracion resistance at
¢ (CI at =2 = 0) and the rate of increase of this re-
51 gracient) would yield two parameters, but the insensi-

he 30" apex angle cone to the friction angle and the

. 1t displacement to mobilize the shear strengtn in loose

oil der these two paramcters unsuitable for strength evalua-

tion )r« tical considerations in.icate that the same problems

probab vould not arise (or would occur only in a much lesser

degree) vwith 90 or 120° apex angle cones. These could be used j

either in conjunction with the present 30° cone or separately. %
_ A theoretical analysis should be made to establish criteria for the %
; penetration sistance measurements and evaluation methods for such f
cones. j
: A-22
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Determination of Soil Shear Strength Parameters from Plate Sinkage
Tests

The volume of soil displaced by the plate in plate sinkage
tests 1s gencrally sufficient to mobilize the full shear strength
of soill in the failure zones. Thus, in principle, a plate sinkage
tests is better suited for the evaluation of soil strength parame-
ters then the cone penetration test. For the evaluation of soil
strength parameters from plate sinkage tests it is necessary to
establish the point at which failure conditions are reached (bearing
capacity failure) and beyond which the pressure-sinkage curve repre-
sents plastic equilibrium at the particular sinkage. For a given
soil slip line fields may be constructed on the basis of plasticity
theory (Ref. A.6) and the bearing capacity determined. For the
evaluation of strength parameters from the results of plate sinkage
tests the compi.tation procedure would have to be inverted; since
various combinations of -+ and ¢ could yield the same bearing
capacity, cither two tests with different plate size are necessary
or a relationship between the rate of pressurc increase boyond bear-
ing capacity and f{riction angle would have to be established. This
latter method is believed to be {easible on the basis of theoretical
considerations. In summary, p.ate sinkage tests are suitable for
the evaluation of strength properties but evaluation procedures

would yet have to be developed.

Determ” sation of Soil Shear Strength Farameters by Ring Shear Tests

Ring shear tests were originally designed and are being used
for the determination of soil strength parameters for mciility pur-
poses. Howecver, the evaluation of these tests are objeccionable
because the failure mechanicm in these tests corsists of (blique

failure surfaces, as discussed in Ref. A.7, tha: do not wineclude
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the horizontal surface of the ring. Thus shear stresses referred
to this horizontal surface are not representative of the shear
strength of the soil and are generally less than that. Unfor-
tunately, by coincidence, this feature of the ring shear test re-
sulted in lower apparent strength and yielded more realistic trac-
tion values than the true strength because the full shear strength
at the running gear-so0il interface generally cannot be mobilized.
A more detailed discussion of the mobilization of shear strength

is given in Ref. 13.

For the ring shear test to yield true soil shear strenzth
parameters the proper failure mechanism would kave to be considered
in the evaluation procedure. Another alternative would be to use a
sleeve that would be pushed into the ground around the ring shear
plc.te to prevent lateral failure along the obirique failure surfaces
anc force the failure surface to develop a. the base of the ring.
Further research is needed to develop the proper technique of ring

shear tests for soil strength property determination.
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APPENDIX B

i COMPUTER PROGCRAM FFOR TEE PREDICTION OF TIRE PERFORMANCE

Description of Computer Program

: The computer program listed at the end of this appendix per-

: forms all computations neccssary to define the geeometry of the tire
¥ centerline and slip line ficlds as postulated by the tire-soil

: model- computes the interface stresses, and, by appropriate inte-

; grat:on of these stresses, the load, torque, ond drawbar pull

values for initially assumned entry and rear angles; and [inds the
solution for a given load bv an iteration procedure in which the

entry and rear angles are appropriately changed.
Yy 1S y 24

1 The computer program consists of two parts: the main program
% ("KTIRE") and the subroutine ("SIFI"). All computations necessary
é to determine the coordinates ot the nodal points and associated
d stresses for a single slip line ficld arce performed ia the sub-

routine, all others in the main program.

1 The flow diagram for the main prograwm is shown 1n .. B-L. i
é In the main programr input dat. are read in from o cata i Input %
; 3
b soil properties may be either the values of o, +, anc or cone g
penetration data. cone index gradient for frictional soils, or ?

averaze cone index for cohesive soils. The program computes the E

!

c, 7, and . wvalues corresponding to the conce pencetration data i

from the relationships establishcd in Appendix A. é

k!

From the input data the program computes the interiace fric-
tion angle °, the separation anglc o and the hypothetical
normal stress Q. that is the normal stress for an infinitely

small forward field. TIf this hypothetical normal stress is urcater
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Fig. B-1 Flow Diagram for the Main Computer Program "KTIRE"
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than the limiting stress Py then there is no torward slip line
field. Depending on whether there is a forward field or not the

flow diagram separates in two branches (see Fig. B-1).

k4
O

In the case of both forward and rear slip line fields, the
computation starts with the forward field. For an assumed entry
: angle, the main program computes the coefficient = for the

logarithmic spiral anc calls subroutine SLFI that computes the

normal stress qqy at a pertaining to the assumed entry angle. !

d
: The main progcam iterates on the entry angle until the normal

stress q at equals Py within the limit of tolerance then

d
calls the subroutine ior the computation of the rear slip line

field. The extent of the rear slip line field is determined by

the condition that it chould end at angle wé where the inter-
g
3 face normal stress equals Py - Between angles :é and o the

interface normal stress equals P, as postulated by the tire-
soil model. Should, however, the interface normal stress compu-
tations in the rear field show that they are less than P, — even
- if the rear field c¢xtends up to the inner end of the forward [ield
Aq> the nocmal stress at o
computed rrom the rear field, and the computation with the new Py

; (qd) — then Py is made equal to

value is repeated. This situation may occur & high slip values

when the relatively large outward directed inteirace friction angle,

: 8, reduces the bearing capacity of soil and the resulting normal

| stresses are lower than Py In such cases tire geometry resembles
s

i to that of a rigid wheel.

In the last part of the main program load, torque and drawbar
: pull values are calculated on the basis of the interface stresses
£ obteined from (he two slip line fields for the assumed i and il
k ang les, In a- iteration procedure these angles are changed until

TR
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the load equals the design load within the limits of tolerance.
In the case where there is only a rear slip line field the flow

diagram shown in the right side of Fig. B-1 holds.

The flow diagram for the subroutine SLFI is shown in Fig. B-2.
for the computation of a forward slip line field. Designations and
grid are shown in Fig. B-3. The rear field is computed in a simi-
lar way except for the condition applied to the determination of
the inner end of the slip line held. 1In the forward field the slip
line field ends at @ while the rear field ends at tae angle

where the normal stress equals Pq-

For the computation of the coordinates, principal stresscs and
their directions, the plasticity theory for soils applies. The
differential equations of plasticity are replaced by difference
equations and are solved numerically. The solution procedurc is
described in detail in the previous report on rigid wheel-soil
interaction (Ref. 13) and elsewhere (Refs. B.l through B.3). For
brevity, only that jart of the solution procedurec is discussed
here that is different from the rigid wheel problem, the geometric

boundary conditions at the interface.

For the rigid wheel the geometric boundary conditions at the
interface requires that the coordinate points x and =z must lic
on a circl2 with radius R. ror the tire these points must lie on

a logarithmic spiral. For numerical computations, the logarithmic

spiral is approximated by a polygon that is tangential to it. Log-
arithmic spirals bhave the property that their tangents make a con-
stant angle (7Sp) with the normal to the radius allowing a simple
computational procedure for the determination of the polygon side
on which x and 2z must lie. Accordingly, the following equa-

tions apply for the computations of stresses and coordinates at the

boundary of the active zone.
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Input: Tire Parameters R, b,
Soil Properties ¢, ¢, ¥
Interface Friction Angle

er ad, B

ES

Assume KxH Grid

Estimat>e L
Set Boundary Conditions
for j=1 to K, i=K-j

Compute 1, +, at,

4
Singular Point j=] %
1

Compute x, z, =, & _
for i = K-j to 2xK+j %

l

X (]

Compute : for

2xK+3), Z2(j., 2xK+j)

S

i
.

nd{<ﬂ<ﬂd+€ > oug toL A j

|

Compute New

X (j, K-3)
by Interpolation

Transmit

Computer Interface
Coordinates and
Stresses to

Main Program

Fig. B-2 Flow Diagram for the Computation of a Forward Slip
Line Field by Subroutine SLFI
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F = tan = S

i-1,j-1 sp

There are limitations to the curvature of the logarithmic
spirals that are incorporated in the program, These limitations

are

° In the front field, the 1 coefficient is limited
te such a value that the =z coordinates of the spiral

be always positive (below the surface).

. in the rear field, the angle of inclination to tkre
horizontal of the side of the polygon at a particular
point is limited to the angle of a stiraight line from
that point to the end point of the forward field (no

double curvature in the center portion is allowed).

If both limitations hold the cent~ line geometry reverts to _.hat

of a tire on a rigid surface.

The flow diagrams in Figs. B-1l and B-2 show the general logic

of the computations. There are, however, some provisiones in the
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programs that for clarity have not been included in the flow dia-

gram. These are discussed below.

The fipnite difference approximations of the differential equa-

tions of plasticity become indeterminate if either ¢ or ¢ equals

zero. Instead of providing an alternate and complicated algorithm
for these specific cases, a miniwmum value of 1° 1is assigned for

v and 0.2 lb/sq ft for . The effect of these assignments on

performance calculations is minimal.

In Ref. 13 it was shown that the maximum value of the angle of

interfece friction is

8 = arc tan (sin . (B-2)
T ( P) { )

At this value of the interface friction angle some computa-
tional procedures becoue inaccurate or inderinite. To avoid this
computational problem a maximum value of 0.99 ém « has been

&

assigned to ©.

In the various iteration procedures that are employed to meet
certain equality conditions tolerance limits have been assi:ned to
each condition, on the basis of experience gained with runring th.
program for a variety of conditions. These tolerance limits are
consistent with the degree of accuracy desirecd in tire performance
predictions. There are ipnevitable inaccuracies in prediction
theories due to the various assumptions, inaccuracies in the de-
termination of soil properties and the approximaticus inherent in
numerical methods. Thus, generally there is no pcint in setting
lower tolerance limits ir the equality conditions and performing
the ensuing larger number of “teretions to achiz2ve an apparent
accuracy in the prediction when inaccuracies from other sources

would dominate.
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Convergence of the various iterations used in the computer
prograw has been gencrally established in the numerous runs that
were required to develop the program and compare predictions with
test results. Nevertheless, it is conceivable, that for some un-
foreseen combination of variables an iteration would not satis-
factorily ccnverge. A time limit of 500 -oconds has been set
for the program; should a soluition be not reached within cthis time

limit the oripinator of the program should be consulted.

Guidance for Users of the Computer Program

Complete listings of the computer proprams arve given at the
end of this appendix,

Designation of wvariable names, inciructions for the prepara-
tion of data files and other comments useful for -~unning the pro-
gram arc given below,

Input data arc read from input data file "TYR.DAT'" in the fol-

lowing order and 2F format.

Condt Index gradient (pci) (CGRI Conc index (psi) [CI|
Newinal tire radius (ft) (RA Tire width ({t) [ Bo|

Tire load (lb) Lo Limit pressure (p;i) @ PpH|
Deflection coefficient | DE| slip [SLI|

Slip parameter (jo) {SJ Slip paramecter K | SKI

Cohesion in forward field Cohesion in rear f{ield [CR]

(1b/sq ft) [CF]

Frictlion angle in forward field Friction anglic in rear field  FR]
(degrees) |FFI

Unit weight in forward field Unit weight in rear fielu {(GR]
(1b/cu ftr) (Cr|

st it
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Designatiors of the input variable in the omputer prograu

are indicated ir brackets.
Cohesion, friction angle, and unit weight are read in a- input
variables only if both CGR = 0 ana CI = 0. If the program is to

be used wich cone penetration data, the value of «ither CGR - or

CI should be entered in the data file, the other value must be zero.

Sutscripted Variables and Dimension Scatements

Main program KTIRE

J designates a location at the interface

HH(J) =
QQ(J) = i
EE(J) = |
Uu(Jd)

YA () z

Triple letter subscripted variable are u: for cstorage of double
» 3

letter arrays.

Subroutine SLI]

X(1,J) = Xi,j
AT = éi’j
S(I1,J) = .

i,]
I(1,J) = i,j

2 oriband
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The dimension statement correspends to a 48 x 16 grid
I =1 to 49, J =1 to 17) for the computation of the geome-
try of slip line fields. All J locations dre not necessarily
used in actual computations, as indicated before. Several hundred
computations were performed satistactorily with the avove grid
size and, there fore, no nced for the change of the grid size is
anticipated.
Variables with one subscript are as follows:
by =+
H(J) =
QCI) = ¢

D(Y) =

U({J) = x.

N

L(J) =

AT, B(T), C(J) are auxiliary variables.

The aimensions of the variables with onc subscript are tied

te the J dimensions of the variables with tw» subscripts.

Limit.

In the main program the following limits are set for the entrv

and reor angles.

(ARE) = 70°
e max
! ) (ARMAX) = 40"
r o mdax
.. _(ARMIN) = 0°
r min
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A limit of 20 was set for the number of iterations (ITER)

allowed to find the sclution for a given load.

A limit for the tire radius At the rear entry angle (RAMIN)
was set to correct tire geometries that would have resulted in

negative sinkages.

Other Constants

The initial rear angle (AR) is set at 10°.
The :° angle (AD) is set at 5°.

A constant DF defines a linear variation of & over the
interface. In the present program © 1is assumed to be uniform
over the interface. For this case a value of DF = 1 1is assigned.
In the main program XXX, 1in the subroutine XX, 1is used to define
the conditions for which the slip line field is computed according

to the following schedule

XXX

I

- 1 for forward slip line field
XXX = 4+ 1 for rear slip line field

XXX = + 2 fer rear slip line field only

QECBUL

The following results of the computation are printed out.
Pull coefficient (PUN)
Torque coefficient (TON)

Sinkage (SNK) (inches)

; Notc: The tire-soil model has been developed for driven tires

where the applied torque determines the direction of shear stresse:z
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that is the same along the whole interface. In the case of towed
tires the direction of shear stresses changes over the interface
so that the resultant torque from the shear stresses 1s zero.

Therefore, the tire-soil model, as presented, should not be uced

for the computation of the drag force of towed tires.
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